In this study, we monitored the surface soil moisture at 15 locations within an area of 100 km Â 100 km in the Mongolian steppe region. A principal component analysis was used to determine the characteristics and dominant patterns of spatiotemporal variations in the measured surface soil moisture. The results reveal that the predominant pattern of temporal variation is related to largescale rainfall and that this was spatially uniform over the entire study area. In terms of both temporal and spatial patterns, the spatial heterogeneity of rainfall activity was a minor factor, accounting for less than 33% of the total observed variance. The most dominant pattern in the spatial distribution of surface soil moisture showed a correlation with the spatial distribution of the mean or minimum water content, and the minimum water content was largely equivalent to the wilting point, which is a soil-hydraulic index. Thus, we conclude that the most dominant pattern of surface soil moisture distribution over the study region is regulated by soil-hydraulic properties. Rainfall events acted to disturb or reset this pattern, but the pattern was re-established during drying of the soil.
Introduction
Numerical simulation studies have emphasized the important role that soil moisture plays in the global /regional climate system (Walker and Rowntree 1977; Shukla and Mintz 1982; Rowntree and Bolton 1983; Yeh et al. 1984; Koster and Suarez 1996) . Soil moisture, as well as sea surface temperature, is now considered to be a key variable in terms of variability in precipitation leading to droughts and floods (Atlas et al. 1993; Koster and Suarez 1995; Giorgi et al. 1996) . Field observations have also demonstrated the possibility of a soil moisture-rainfall feedback mechanism (Findell and Eltahir 1997; Yamanaka et al. 2001) , although it is not always easy to obtain longterm soil-moisture data sets over a large area. The Global Soil Moisture Data Bank , which contains data from many hundreds of stations over the North Hemisphere mid-latitudes for periods of 20@30 years, is currently available for use and is invaluable in addressing variations in soil moisture over space and time Liu et al. 2001) ; however, the time interval (approx. 10 days) and spatial resolution (>100 km) of the data are relatively coarse.
Satellite remote sensing is a powerful technique for acquiring continuous soil-moisture data at regional to global scales. There are four approaches that can be used to determine the status of surface soil moisture using different types of electromagnetic waves: reflected solar, thermal infrared, active microwave, and passive microwave (Schmugge et al. 1980) . The passive microwave approach has the greatest potential for operational applications because of its applicability in all weather conditions (both night and day), large swath width, and variety of frequency bands and polarization (Schmugge et al. 1980; Jackson and Schmugge 1989; Koike et al. 2000) . Indeed, the advanced microwave scanning radiometer (AMSR-E, developed by the Japan Aerospace Exploration Agency, JAXA) housed aboard an Aqua satellite (National Aeronautics and Space Administration; NASA) began daily observations of global-scale soil moisture in May 2002, providing a soil-moisture data set as a standard product . One of the limitations of this approach is the relatively low spatial resolution (i.e., 10@60 km; Jackson 1997). The spatial variability within a single pixel can affect the interpretation of remote-sensed soil moisture data (Capehart and Carson 1997) and makes it difficult to verify the data. Although many studies have addressed the geostatistical characteristics of variability in soil moisture (Western et al. 1998) , few have considered the spatial scales from 10 2 to 10 4 km 2 (Jackson et al. 1995; Crow and Wood 1999) . Thus, we lack the basic information required to verify the soil-moisture field derived from satellite remote sensing and obtain an understanding of regional-scale soil moisture dynamics.
In this paper, we present the results of field monitoring of variability in soil moisture at a scale of 10 4 km 2 with a minimum spatial resolution of 20 km. The principal objectives are twofold: (1) to reveal the characteristics and dominant patterns of spatiotemporal variations in surface soil moisture, and (2) to understand the mechanisms that regulate the dominant pattern of variations.
Methods

Study area and field monitoring
We monitored soil moisture at 15 locations (Table 1) over an area of 100 km Â 100 km in Mongolia (Fig. 1) under the framework of the ADEOS II Mongolian Plateau Experiment for Ground Truth (AMPEX; Kaihotsu et al. 2002) . The area is an AMSR-E validation site and is also a reference site for the Coordinated Enhanced Observation Period (CEOP) of the World Climate Research Programme (WCRP). The study area is situated within a large internal drainage basin that includes the Gobi Desert to the south; there are no rivers within the study area. Annual precipitation is approximately 100@150 mm, and Budyko's radiative dryness index (¼ R n /lP, where R n is net radiation, l is the latent heat of water, and P is precipitation) is greater than three. This indicates a fully desert climate (Yamanaka et al. 2007 ), although short grass and small shrubs grow from late spring to mid-autumn. The topography of the area is gently rolling and the altitude ranges from 1200 to 1600 m. Land use is dominated by rangeland with sparsely distributed ephemeral ponds and small towns. Soils are classified as sandy loam or sandy silt loam with abundant gravel. The monitoring network comprises 4 Automatic Weather Stations (AWSs) and 12 Automatic Stations for Soil Hydrology (ASSHs). The AWSs provide soil moisture data at four depths as well as general meteorological data including precipitation. The ASSHs provide soil moisture and temperature data at depths of 3 and 10 cm at 30 min intervals (see Kaihotsu et al. 2003 for further details). Only one AWS at Delgertsogt site (DGS) failed to measure the surface soil moisture because of very dry conditions. Among the other 15 stations, plant cover data are available for 10 sites (Table 1) and data on the hydraulic properties of the soil are available for 6 selected sites ( Table 2 ). The coverage, which is defined as the fraction of the ground surface covered by a species of plant per unit area, was determined using a modified Penfound and Howard (1940) method using a 0.5 m Â 0:5 m quadrat; the total cover was then calculated (Hirata et al. 2005 for additional details). The water retention curve was obtained from laboratory experiments using a core sample of soil and fitted using the following Brooks-Corey model (Brooks and Corey 1964; Campbell 1974) :
where y is the volumetric water content, y s is the saturated water content (i.e., porosity), c is the matric suction, c e is the air entry suction, and l is a fitting parameter that is commonly termed the pore-size distribution index.
The volumetric water content was measured hourly using a time domain reflectometer (Trime-IT, IMKO Micromodultechnik GmbH, Germany). A preliminary laboratory test yielded standard deviations of 0.22, 0.49, and 2.32% among the sensors at volumetric water contents of 0, 4, and 40%, respectively. In the following analysis, we utilized daily average values of surface soil moisture measured at a depth of 3 cm for the period June-September 2001 (98 successive days). Variations in soil moisture at 10 cm depth were similar to those at 3 cm and were relatively insensitive to rainfall events.
Principal component analysis
To decompose the time-space structure of variations in soil moisture into characteristic temporal and spatial patterns, we applied a Principal Component Analysis (PCA) in two different ways using a single data set. In the first analysis, we computed the correlation coefficients among the time series for 15 stations. The eigenvalues and eigenvectors for each principal component (PC) were then obtained using the 15 Â 15 correlation matrix. In the second analysis, we used the spatial data set for 98 days, and a 98 Â 98 correlation matrix was established to compute the eigenvalues and eigenvectors. For each principal component, the variance (i.e., contribution) and score was evaluated from the eigenvalues and eigenvectors, respectively. The former analysis is able to clarify similarities/differences in the patterns of temporal variation among different stations, while the latter is able to extract the dominant pattern in the spatial distribution and its temporal evolution. Thus, hereafter the former analysis is referred to as ''temporal pattern analysis'' and the latter as ''spatial pattern analysis''. The spatial pattern analysis is fun- damentally the same approach as that presented by Yoo and Kim (2004) , although they focused mainly on inter-storm periods. Table 3 summarizes the calculated statistical values of observed surface soil moisture. The volumetric water content ranges from 0.9 to 28.4% across the study region, and mean water content ranges from 3.1 to 14.1%. The minimum water content and standard deviation for each site are generally very low, while the maximum water content is 2@4 times greater than the mean water content at each site; however, the maximum saturation degree (i.e., y/y s ) is approximately two-thirds (at MGS and C2) or one-half at most (at DRS, C4, E4 and G6).
Results
Statistics of observed soil moisture
Temporal pattern analysis
The cumulative variance of the first five principal components exceeds 90% of the total variance, and the variance of the first principal component, PC1, accounts for 64.2% of the total variance (Table 4 ). The variance for each of PC2-PC5 accounts for just 10% or less of the total variance. The score for PC1 as a function of date exhibits a clear response to rainfall events (Fig. 2) . It is remarkable that the element of the eigenvector for PC1 is almost the same among the 15 monitoring sites (Fig. 3) , suggesting a spatial uniformity in the pattern of temporal variation represented by PC1. In other words, PC1 represents a pattern of temporal variation that responds to large-scale (>10 4 km 2 ) rainfall events. The temporal variations in the scores for the other PCs also generally exhibit responses to rainfall events, with both positive and negative responses recorded (Fig. 4) . In addition, the elements of the eigenvectors for each of PC2-PC5 are non-uniform in space (Fig. 5) . These results suggest that PC2-PC5 reflect spatial heterogeneity in rainfall intensity. For example, the score for PC2 shows a very high rainfall value on DOY ¼ 198; however, in reality a greater amount of rainfall occurred on that day at MGS and DRS (where the elements of the eigenvector of PC2 are high) but not at BTS and DGS.
Spatial pattern analysis
As in the temporal pattern analysis, PC1 is extremely dominant and its variance accounts for approximately two-thirds of the total variance (Table 5 ). The spatial pattern of the score for PC1 (Fig. 6) is very similar to that of the temporal mean soil-water content (correlation coefficient, r ¼ 0:996) and minimum water content (r ¼ 0:89). The element of the eigenvector that corresponds to each date is largely constant; it decreases in response to rainfall before gradually returning to a stable value (Fig. 7) . These results demonstrate that PC1 represents the most stable or preferred pattern, although it is disturbed or reset by rainfall. Although the scores for PC1 range from À12 to 18, the spatial variations in the scores for each of the other PCs are considerably smaller, ranging from À5 to 5 at most (Fig. 8) . The eigenvectors for the other PCs show responses to rainfall events (Fig. 9) , indicating that PC2-PC5 represent spatial variation patterns associated with heterogeneity in rainfall activity.
Discussion
The results of PCA demonstrate that temporal variations in surface soil moisture are largely uniform over the study area of 100 km Â 100 km and that the variations are primarily controlled by large-scale rainfall. Although summertime within the study area is a time of both frontal and cyclonic precipitation in addition to convective events, local rainfall at a scale smaller than the study area has only a minor impact on the temporal variation pattern and spatial distribution pattern of surface soil moisture. This indicates that local-scale individual rainfall events were insufficient in magnitude to significantly affect soil moisture at a depth of 3 cm. In fact, local rainfall events that were observed at just one of the four AWSs were less than 2 mm day À1 throughout the entire study period; values were generally less than 0.5 mm day À1 . In contrast, events those were observed at all four stations always showed spatially averaged rainfall of more than 6 mm day
À1 . These facts demonstrate the greater importance of large-scale rainfall activity.
The most dominant spatial pattern emerged during soil drying rather than on rainy days; that is, the pattern was likely to have been introduced by the soil-drying process and was disturbed or reset with the occurrence of rainfall. An important consideration in this case is the factor that controls this pattern. Although there are a number of potential controlling factors, the spatial distribution of soil moisture in semi-arid regions is considered to be controlled by soil properties, slope angle, and the presence of vegetation (Gómez-Plaza et al. 2001) .
Previous studies have reported that the soil moisture pattern is less sensitive to topographical factors under very dry conditions (Grayson et al. 1997; Teuling and Troch 2005) . In the present study, the slope of the land surface was less than 3 for all of the monitoring sites; consequently, the topographical effect would have been negligible. Moreover, the temporal mean soil-water content, which corresponds to the score of PC1 in the spatial pattern analysis, has a weak, positive correlation (r ¼ 0:16) with plant cover. This indicates that the presence of vegetation does not significantly regulate the mean water content, although it may be inversely affected by soil moisture conditions. The wilting point, which is a soil-hydraulic index defined as the water content at pF4.2 (i.e., c ¼ 10 4:2 cm H 2 O), showed a strong correlation with the minimum water content at each site (root mean square difference ¼ 0.72%, r ¼ 0:93; Fig. 10) . Unfortunately, the comparison is limited to the six sites for which soil hydraulic data are available, and uncertainties exist in terms of errors in both soil moisture measured by TDR and calculations of the wilting point using Eq. (1). Nevertheless, it is reasonable to consider that under very dry conditions the soil water content approaches the wilting point. In addition, if the soil moisture level occupied a range around the wilting point, it could be explained naturally by concluding that the effect of vegetation on the soil water content via transpiration was less significant. Thus, the minimum water content at each site is most likely determined by the hydraulic properties of soil at the site. Bearing in mind that the minimum water content shows strong correlations with the mean water content and the score for PC1 in the spatial pattern analysis, as mentioned above, we conclude that the hydraulic properties of the soil are responsible for the most dominant and stable pattern in the spatial distribution of surface soil moisture.
Conclusions
The following conclusions provide a summary of the characteristics and regulating factors of variability in surface soil moisture within a semi-arid Mongolian grassland at a scale of 10 4 km 2 .
(1) The predominant pattern of temporal variation is introduced by large-scale rainfall and is spatially uniform over the study region. (2) The spatial heterogeneity of rainfall activity within the region is a minor factor in determining both the temporal and spatial patterns of surface soil moisture; this results from the small amount of rainfall within local rainfall events. (3) The most dominant pattern in the spatial distribution of the surface soil moisture is regulated by the local hydraulic properties of the soil. Rainfall events act to disturb or reset this pattern, but the pattern is reestablished during periods when the soil is drying out.
These findings may be somewhat specific to the subdued topography and dry climate of the study region; however, the findings will be useful in validating the soil-moisture field derived from satellite remote sensing and will lead to a better understanding of regional-scale variability in soil moisture.
